The staphylococcal nuclease (nuc) gene from Staphylococcus aureus has been cloned and expressed in Bacillus subtilis. The nuclease protein was expressed either from its own promoter and translation start signals, or from a combination of a B. subtilis promoter, ribosome binding site, and a signal peptide sequence. Greater than 80% of the active gene product was secreted into the medium, whereas, when a signal peptide sequence was absent, as little as 4% of the nuclease activity was found in the culture medium. Intracellular (or cell-bound) nuclease, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting, was shown to have the molecular weight of the predicted precursor protein with the signal peptide. Levels of nuclease reached 50 mg per liter in the culture medium, depending on the growth medium and the strain used. These findings indicate the prospective use of nuclease as a model system for studying secretion of heterologous proteins in B. subtilis.
The staphylococcal nuclease (nuc) gene from Staphylococcus aureus has been cloned and expressed in Bacillus subtilis. The nuclease protein was expressed either from its own promoter and translation start signals, or from a combination of a B. subtilis promoter, ribosome binding site, and a signal peptide sequence. Greater than 80% of the active gene product was secreted into the medium, whereas, when a signal peptide sequence was absent, as little as 4% of the nuclease activity was found in the culture medium. Intracellular (or cell-bound) nuclease, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting, was shown to have the molecular weight of the predicted precursor protein with the signal peptide. Levels of nuclease reached 50 mg per liter in the culture medium, depending on the growth medium and the strain used. These findings indicate the prospective use of nuclease as a model system for studying secretion of heterologous proteins in B. subtilis.
Bacillus subtilis is nonpathogenic, has several systems for gene transfer (10, 49) , and offers a wide variety of well-developed cloning vectors (11, 15) . These characteristics make it an attractive host for the expression of foreign genes and the secretion of heterologous gene products, although this has been achieved in only a few cases (27, 30, 32) .
B. subtilis is an efficient host for secretion of several proteins, including cloned gene products from both procaryotes and eucaryotes. Staphylococcus aureus P-lactamase was expressed at 1% of the total protein (35) , but was cell associated in B. subtilis. S. aureus a-hemolysin production has been detected in B. subtilis cell supernatants (13) . Bacillus amyloliquefaciens a-amylase gene sequences have been used to secrete Escherichia coli P-lactamase and mature human interferon a2 at a level of 20 mg/liter and 500 ,ug/liter from the culture supernatants, respectively (30, 32) . Similarly, penicillinase sequences from Bacillus licheniformis have been used to direct synthesis of rat proinsulin at a low level (27) .
Staphylococcal nuclease (hereafter referred to as nuclease) is one of the most extensively studied enzymes physically and biochemically (1) . S. aureus secretes two forms of nuclease. Nuclease A, the predominant form, is 149 amino acids long (16.8 kilodalton [kd] protein); nuclease B (18.8-kd protein) has an additional extension of 19 amino acids at the amino terminus of nuclease A (8, 40) . The nuclease gene was cloned in E. coli (36) , but nuclease production in this host was low, and the protein was apparently not processed efficiently.
In this report, we have shown that nuclease can be made and secreted from B. subtilis. Enzymatically active nuclease is synthesized at a relatively high level, and a large fraction of this is secreted into the medium and processed to a lower molecular weight. Intracellular (or cell-bound) material is not processed and therefore is present as a higher-molecular-weight protein. Moreover, we have engineered a truncated nuclease protein sequence directly downstream from a B. subtilis promoter, ribosome binding site (RBS) (26) , and a signal peptide sequence. This construction results in a relatively high level of nuclease activity and secretion of a processed nuclease protein.
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MATERIALS AND METHODS
Bacterial strains and growth conditions. All plasmid constructions were transformed into and purified from E. coli strain RV308 (23) . Plasmids were maintained by selection with 80 ,ug of ampicillin per ml or 10 ,ug of tetracycline per ml or both in TY broth (pH 7.4), which contained 1% Bactotryptone (Difco Laboratories, Detroit, Mich.), 0.5% yeast extract, and 0.5% NaCl. B. subtilis strains M1112, PSL1, and SR22 (19, 29) were cultured in rich medium (antibiotic medium no. 3; Difco) for plasmid propagation. Spizizen minimal salts (37) (Fig. 1) .
(ii) Spectrophotometric assay. Cell extracts and supernatants were assayed for nuclease activity essentially as described previously (7) , except all assays were performed at room temperature. Samples (41) at 4°C for 30 to 60 min. The starting current was 0.6 to 0.8 A and increased to 1.0 to 1.5 A. Overnight transfer (16 h) was started at 0.1 to 0.2 A. The detection of proteins transferred to the solid matrix (GeneScreen; New England Nuclear Corp., Boston, Mass.) was performed with antinuclease specific serum and 125I-labeled protein A as instructed by the supplier.
RESULTS
Cloning and expression of nuclease in B. subtilis. Cloning of certain S. aureus genes in B. subtilis has led to the synthesis of their protein products. Therefore, we sought to clone the nuclease gene in B. subtilis and obtain synthesis and secretion of this enzyme. To facilitate the cloning of the gene in B. subtilis, a single HpaII fragment (-1,400 bp) of pFOG301 DNA (provided by D. Shortle) was converted to a BamHI fragment and recloned into pBR322 (pOW50). BamHI-digested pOW50 was ligated to the vector, pOW430, a plasmid containing the B. subtilis replicon pC194 (17) . After transformation clones were screened for nuclease activity. A nuclease-positive clone containing the 1,400-bp BamHI fragment was used throughout these studies (pOW440, referred to herein as stafnuc; Fig. 1 and 2). Nuclease is produced constitutively, although pOW440 contains sporulation promoters from B. subtilis (38, 50) . Quantitatively identical results are obtained when the BamHI fragment is in the opposite orientation (data not shown). These data indicate that the functional elements in pOW430 do not affect the production of nuclease.
Characterization of nuclease activity. The biochemical and physical properties of the nuclease activity from the cloned gene are identical to staphylococcal nuclease. The activity is shown.) Nuclease is a highly basic protein with a pl of 9.6 (16) Subcloning of the small EcoRI-PvulI fragment of pOW323/Z into pBR322 removed all but 100-bp of the lacZ gene (pOW323). A 93-bp linker that codes for the cx-amylase signal peptide was chemically synthesized. The codon for the amino acid at position -30 (32) was changed from ATT (ILE) tp GTT (VAL), and the codon for the amino acid at position -1 (GCC) was immediately followed by ATG, placing the linker in the correct reading frame with the nuclease coding sequence (pOW324). (B) Restriction map of pOW441 and pOW445 will be referred to as amynuc and vegnuc, respectively.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting. Signal peptides are usually removed upon transport through the cell membrane (25) . Thus, intracellular precursor proteins are larger than membrane-bound or secreted proteins. To determine the size and amount of nuclease produced and secreted in B. subtilis, we performed sodium dodecyl sulfate-polyacrylamide gel electrophoresis on the cellular extracts and culture supernatants. Cultures containing either the native gene (stafnuc) or the structural gene expressed from heterologous signals (amynuc and vegnuc) were grown and harvested under identical conditions. Duplicate gels were prepared; one was stained for visualization of total protein, whereas the other was electroblotted and analyzed for nuclease as described above (Fig. 5 and 6 ). Cell extracts and supernatants from a culture containing the vector only (pOW430) were used as negative controls.
When nuclease is expressed from the native structural gene (stafnuc), cell extracts contain a single protein (25- Fig. 5A and B, lanes 4) is observed in cell extracts when nuclease without a signal peptide is expressed from the veg promoter (vegnuc). Other minor species migrating slightly faster then the 17.6-kd protein have also been observed. Precursor proteins produced from stafnuc, amynuc, and vegnuc with molecular weights of 25,100, 21,100, and 17,600, respectively, may be assigned based on the possible translational start points (Fig. 6 ). The Western blot shows nuclease-related material migrating with the molecular weights given above. No nuclease-related material has been observed in cell extracts from B. subtilis harboring the vector pOW430 ( Fig. SA and B, lanes 1) . Only the nuclease that lacks a signal peptide (vegnuc) can be seen as a stained band in the cell extracts (Fig. 5A, lane 4) . This 17.6-kd protein has been expressed as 2% of the cell protein from vegnuc cell extracts as judged by gel densitometry (data not shown). From this result we can conclude that veg is an efficient promoter, as originally judged by in vitro data (26) .
Unlike the cell extracts that contain nuclease with slower mobilities than nuclease A, the nuclease present in the culture supernatants obtained from stafnuc and amynuc migrates with nuclease A. (Fig. SC and D, lanes 2 and 3) . This nuclease from unconcentrated culture supernatants is visible in stained gels and represents a significant fraction of the total protein in the medium, although a larger fraction of nuclease is secreted and processed from amynuc than from stafnuc.
Efficiency of expression and secretion of nuclease. In our preliminary experiments, nuclease-positive clones were grown routinely in rich medium. Nuclease production in B. subtilis, although higher than that in E. coli, gave estimated values of 0.5 mg of nuclease per liter of culture. Production of nuclease is improved about 10-fold by using a minimal salts medium with amino acids and with glycerol and citrate as carbon sources (data not shown). This increase could be pOW441. Restriction sites and orientation were determined as described in the legend to Fig. 2 citrate or sodium chloride decreases the level of nuclease activity in the culture supernatant (data not shown).
We also investigated the effect of extracellular proteases on the production of nuclease. The addition of phenylmethylsulfonyl fluoride to cultures during the last several hours of incubation did not increase the level of nuclease w (data not shown). However, the introduction of stafnuc and amynuc into a protease-deficient strain SR22 (19) increased both expression and secretion ( Table 1) . As much as 50 mg of active nuclease per liter has been secreted from cultures containing the native gene. We do not know at this time whether the effect is strictly due to a lack of proteases, since this host displays other altered properties of membrane and cell wall physiology (20) . FIG. 5 . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blots from nuclease-producing B. subtilis SR22. Coomassie blue-stained cell lysates (panel A) and culture supernatants (panel C) were derived from identical volumes (20 ,ul) of the various strains grown as described in the text. All lanes except for panel C, lane 6, are from the same gel. Western blots of t25I-protein A-labeled nuclease-antinuclease complexes of a duplicate gel are shown in panels B and D, respectively. Lanes: 1, pOW430 (negative control); 2, stafnuc; 3, amynuc; 4, vegnuc; 5, purified nuclease (Sigma Chemical Co.). Panel C, lane 6, is Coomassie blue-stained nuclease purified by isoelectricfocusing (pl 9.6) from PSL1 (stafnuc) that comigrates with purified nuclease. The arrows in panel A represent the position of cell-associated nuclease expressed from stafnuc (upper arrow) or vegnuc (lower arrow). The arrow in panel B is the position of cell-associated nuclease expressed from amynuc. Molecular weight standards (electrophoresed through the same gel): bovine serum albumin, 66,200; ovalbumin, 45,000; carbonic anhydrase 31,000; and soybean trypsin inhibitor, 21,500. C and M above the panels refer to cell extracts and medium, respectively. due to the fact that bacilli secrete higher levels of protein under growth-limiting conditions (for review, see reference 9), and that protease production is reduced when amino acids are added to the medium (12) . Also, the level of nuclease appears to be dependent on the concentration of sodium ions in the medium. Although a concentration of 1% sodium ions improves secretion of nuclease about fivefold, increasing the sodium ion content to 2% either as sodium
DISCUSSION
We made two different plasmid constructions in B. subtilis that direct the expression of the staphylococcal nuclease gene and the secretion of its product. One contains the native gene from S. aureus (36) ; the other contains a constitutive B. subtilis promoter and RBS plus a signal sequence reported for B. amyloliquefaciens a-amylase fused to the nuclease structural gene. The latter construction, an example of heterologous cloning, indicates the potential use of nuclease in gram-positive bacteria as a model system for secretion vectors. One of the best-characterized proteins biochemically, staphylococcal nuclease is easily assayed in vitro and in' situ. Although the gene was not directly seleptable in this study, screening is rapid and sensitive.
Nuclease production was determined by formation of clearing zones on TB-D agar, spectrophotometric assay, characteristic pl values of isoelectrofocused material, and Western blotting. In vitro activity data used to judge the level of secretion corresponded to the blotting experiments, but some differences were noted. Cell extracts containing stafnuc appear to have less activity than the blotting data would indicate. Possibly the specific activities of precursor forms of nuclease and other secretable enzymes are different than those of the mature forms. Because of this, judging the amount of secretion by activity assays alone could be misleading.
In every case the cell-associated nuclease has the molec- Strain selection has an effect on nuclease production. In a protease-negative strain nuclease production increases twofold for stafnuc and sixfold for amynuc. Inhibition of alkaline protease by the addition of phenylmethylsulfonyl fluoride to protease-positive strains does not mimic the effect seen in the negative strain. However, we have not ruled out degradation by neutral or intracellular proteases as a reason for the lower levels in protease-positive strains. Expression of vegnuc that produced only intracellular nuclease was less affected by strain differences.
Signal peptides facilitate the transport, processing, and release of proteins into the medium. According to one model described for E. coli (18) , basic amino acid residues at the amino terminus anchor the nascent polypeptide to the cytoplasmic membrane, whereas the hydrophobic core allows the passage of the protein through the membrane. Also, the polar carboxy terminus of the signal peptide may be recognized and cleaved by specific signal peptidases, yielding the final product on the outside of the cell. B. subtilis and E. coli A.
- . (Fig.  7A) ; for comparison the precursor protein for amynuc is also shown. The relative hydropathy reveals two highly hydrophobic stretches (a and ,3) of approximately the same length separated by a hydrophilic region that contains three basic amino acid residues out of seven immediately preceding the second hydrophobic stretch. Analysis of potential secondary structure (2, 6) also predicts turns in the polypeptide that are possible recognition sites for signal peptidases (33) .
Using Fig. 7A , we can make certain suppositions about the secretion of nuclease in B. subtilis (Fig. 7B) . In model I the nuclease may be directed either toward the inside or outside of the cell if the basic amino acid residues can pass through the membrane and anchor the transported nuclease. We found it interesting then that the cell-associated nuclease precursor from stafnuc could be detected in steady-state cultures. By comparison, the nuclease precursor from amynuc is much reduced in amount (although still detectable). In model II the basic amino acids anchor the nuclease protein to the inner side of the membrane, as might be the case for a-amlyase signal peptide in model III. Pulse-chase experiments indicate that some of the nuclease precursor from stafnuc is not processed or secreted into the medium (J. R. Miller and S. Kovacevic, manuscript in preparation).
The sequence preceding and following the nuclease coding region has several features of interest. Many genes from the bacilli may be transcribed from tandem promoters (4, [44] [45] [46] 48) . The native nuclease gene contains two promoter-like regions with homology to the B. subtilis veg promoter (Fig.  8A) . The sequence immediately downstream from the structural gene contains a potential transcription terminator signal (Fig. 8B) as is the case for the a-amylases (39, 48) and proteases (42, 43, 47) from B. subtilis and B. amyloliquefaciens. Transcriptional studies will be necessary to further define these regions. Finally, Vasantha et al. (42) and Yang et al. (47) have noted that the genes for the proteases code for pro sequences with an unusually large number of charged residues between the signal peptide and mature enzyme. Although the role of nuclease B is not clear, it may be considered a proenzyme of nuclease A.
We have shown that the staphylococcal nuclease gene can be efficiently translated in B. subtilis. A potential signal peptide sequence has been described that facilitates the secretion and processing of nuclease by B. subtilis. We have also fused the nuclease structural gene to sequences derived from bacilli and have obtained the expression and secretion of, and cleavage to, an active nuclease protein. Because the protein is well characterized, this system offers a novel approach to studying secretion and signal processing in the bacilli and in other gram-positive organisms.
